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The Norway lobster, Nephrops norvegicus is a target ﬁshery species in European waters. The stock assessment of N. norve-
gicus is complicated because it is caught in commercial gear only when it emerges from its burrow. Landings are lower in
winter, and feeding limitations have been hypothesized as the cause. Wild large-sized male lobsters were sampled each
season (winter, spring, summer and autumn), and two groups of animals were kept in captivity for 90 d (fed and food-
deprived). The hepatopancreas and muscle were dissected, weighted, frozen for biochemical analyses (proximal analyses
and DNA/RNA) and ﬁxed in Bouin solution for microscopic observations. The oxygen consumption rates in the wild indi-
viduals caught in the spring and in the captive animals after the treatments were measured. Signiﬁcant differences among
the experimental groups were observed in the lipid concentration of the hepatopancreas and muscle, the water content in
the hepatopancreas, and the numbers of vacuoles and pyknotic nuclei in the cells of the tubules of the hepatopancreas.
The results showed that the wild Norway lobsters generally presented intermediate values between those observed in the food-
deprived and the fed lobsters kept in captivity, but the values were closer to those obtained for the fed animals. This ﬁnding
indicates that the wild animals exhibit a good nutritional condition throughout the year. Therefore, the wild males of N. nor-
vegicus do not face food deprivation during winter as is suggested by the pattern of commercial catches, the ﬂow of organic
matter, and the moulting period/reproductive behaviour of the species.
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I NTRODUCT ION
The Norway lobster Nephrops norvegicus (L. 1758) is a re-
source of high commercial value for the north-east Atlantic
Ocean and Mediterranean ﬁsheries (Sarda`, 1998a; Bell et al.,
2006). On the Catalan coast (western Mediterranean),
N. norvegicus landings attain approximately 200 t yr21, with
a current value of E3.5 m and an average price at the ﬁrst
sale ashore of approximately E30 kg21 (database of the
Catalan Autonomous Government). In this region, the popu-
lations that are located on the upper and slope layers (at a
depth of approximately 400 m) (Abello´ et al., 1988, 2002a, b;
Cartes & Sarda, 1993; Maynou & Sarda`, 1997; Maynou
et al., 1998) are exposed to heavy ﬁshing pressure (Sarda` &
Lleonart, 1993; Maynou et al., 1998) and show signs of over-
exploitation (Sarda`, 1998b). In addition, a decrease in the size
at ﬁrst maturity has been suggested (Rotllant et al., 2005).
Nephrops inhabit burrows and perform short excursions to
feed by predation and scavenging (reviewed by Aguzzi &
Sarda`, 2008). Synchronous emergence into the population
induces marked diel ﬂuctuations in catchability (Aguzzi
et al., 2003b). In fact, animals can be caught by towed trawl
nets only when residing outside of their burrows (Main &
Sangster, 1985). Burrow emergence behaviour is related to
the light intensity cycle, which acts directly on the animal’s
biological clock (Chiesa et al., 2010). Such light-driven behav-
ioural entrainment has adaptive value, because Nephrops relies
on an optimum light intensity level to perform its burrow
emergence and retrieve its food, which can also be identiﬁed
with the help of food odours (Aguzzi & Sarda`, 2008).
Accordingly, western Mediterranean populations show a
massive emergence from the crepuscular to the full midday
hours in areas between80 and 400 mdepth (Aguzzi et al., 2003b).
Nephrops norvegicus catchability also varies at a seasonal
scale, and landings are greater in late spring and early
summer (Farmer, 1975; Sarda`, 1998a). The length of the
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photoperiod directly modulates the duration of emergence
(Aguzzi et al., 2004) because this action is most likely synergis-
tic with seasonal modiﬁcations in food inputs. Although these
food inputs have been poorly investigated, the seasonal ﬂuctu-
ation in primary production changes the amount of sinking
organic matter (Heussner et al., 2006). In the western
Mediterranean, this shift results in a lower diversity of epiben-
thic prey in the autumn and winter (Cristo & Cartes, 1998).
This phenomenon may be of importance because Nephrops
are territorial and feed on items that are readily available
near the burrows (Farmer, 1975). The synchronization of
the Nephrops reproductive cycle may also occur based on sea-
sonal variation in organic matter input, as typically observed
in deep-sea species (Company et al., 2008).
Previous laboratory studies on the effects of starvation on
Nephrops have noted the occurrence of biomass (wet and
dry weight and ash content), biometric (primarily carapace
length and width), biochemical (elemental, proximal and
fatty acid composition, RNA:DNA ratio), and metabolic
changes (oxygen consumption), which were quantiﬁed as con-
ditional nutrition indices (Dall, 1981; Sarda` & Valladares,
1990; Baden et al., 1994; Parslow-Williams, 1998; Parslow-
Williams et al., 2001, 2002; Rotllant et al., 2004; Mente,
2010; Mente et al., 2011; Watts, 2012). Several of these
indices have been used to determine the vital state in
Nephrops according to different feeding treatments (Rotllant
et al., 2001; Mente, 2010), growth capacities (Tuck et al.,
1997), or sex (Rosa & Nunes, 2002).
To determine whether the variation in seasonal catchability
in Nephrops is related to modiﬁcations in the ﬂuxes of input
organic matter (producing a decrease in overall food availabil-
ity), we evaluated the nutritional condition of freshly caught
individuals, which were sampled seasonally, through bio-
chemical and metabolic indices and compared them with indi-
viduals that were maintained in the laboratory for 90 d under
fed and food-deprived conditions as a control.
MATER IALS AND METHODS
Animal sampling and tissue collection
Large-sized adults (carapace length, CL ¼ 34.2+ 4.2 mm)
were freshly collected by commercial trawlers from depths
of 400–450 m off Barcelona. Commercial trawlers in the
area, such as those used in the present study (‘Maireta III’,
‘Zorrilla’ and ‘Francesc i Lluis’), usually perform two hauls
per day, one starting at sunrise and the other at midday
(Sarda`, 1998a). The animals tested in the present study were
collected from the second haul. The animals were maintained
in 30 L dark transport tanks ﬁlled with seawater collected in
the area of trawling and cooled with seawater ice packs to
12+ 28C. A few hours after their capture, the lobsters
arrived at the laboratory. The wild animals were maintained
in their transport tanks for one hour after arriving at the
laboratory to minimize the stress associated with transport.
Only individuals in the intermoult stage (C) (Sarda`, 1983)
with the ﬁrst two pereiopods and no apparent external injuries
were used for the condition analysis (N ¼ 10 freshly caught
individuals for each season, N ¼ 30 for the fed treatment
and N ¼ 60 for the food-deprived treatment). The lobsters
were sampled each season (winter (Win), spring (Spr),
summer (Sum) and autumn (Aut)); and in winter for the
two laboratory captivity treatments (fed (F) and food-
deprived (FD)).
The whole hepatopancreas and the muscle from the tail
(without epidermis) were dissected. A portion from each
tissue was frozen at 2808C for biochemical analyses (see
below), and another was ﬁxed in Bouin solution for micro-
scopic observations. For nucleic acid analyses, samples were
lyophilized before shipping to the Marine Biological Station
of Helgoland (Alfred Wegener Institute for Polar and
Marine Research, BAH/AWI, Germany).
Experimental conditions (captive individuals):
fed and food-deprived
All of the animals were maintained for 90 d prior to the tissue
sampling and oxygen consumption experiments under stand-
ard 12 h/12 h light/dark conditions, which are typical of the
spring at the latitude of Catalonia, at an intensity that
mimics the intensity at a depth of 400 m (i.e. 0.1 lux; Chiesa
et al., 2010). The lobsters were housed in individual cells
(20 × 30 × 10 cm) to avoid cannibalism, especially in the
food-deprived group (Sarda` & Valladares, 1990). The mesh
cells were suspended in a rectangular tank with a capacity
of 2000 L. The seawater was continuously aerated and main-
tained at a temperature of 13+ 0.18C and a salinity of 37.5+
0.5 psu (physical conditions at a depth of 400 m in the western
Mediterranean; Hopkins, 1984). The F and FD animals were
housed separately in two different experimental tanks to
avoid feeding contamination between the groups. The F
animals were fed on alternate days with pieces of mussels,
ﬁsh and squid at a ratio of 0.5 g per animal, as previously indi-
cated by Sarda` & Valladares (1990). Food was provided for
90 d, and the animals in the fed group were deprived of
food for 1 d before tissue sampling.
Determination of tissue weight and water
content
The tissues (hepatopancreas and deep abdominal ﬂexor
muscle, which is hereafter referred to as ‘muscle’) were
weighed after dissection. After drying for 24 h in an oven at
608C, the dry mass (DM) was determined on a Sartorius
BP211D (Sartorius SA, Go¨ttingen, Germany) balance to the
nearest 0.001 mg. The water content (WC) was calculated
based on the percentage of dry to wet mass (WM) using the
following formula:
WC = 100
(
1− DM
WM
)
,
where DM is the dry mass of the tissue and WM is the wet
mass of the tissue.
Proximal analyses
The hepatopancreas and muscle tissues that were extracted for
proximate biochemical analysis were maintained frozen at
2808C until analysis. Tissue homogenization was attained
after the tissues were disrupted for 5 min with an Ultra
Turrax T-25 (IKAw Werke, Germany). All of the methods
for proximate biochemical analyses were conducted using a
microplate procedure, and the content was estimated in
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triplicate through colourimetric analyses. The homogenates
were diluted 1:400, and the protein content in the diluted
homogenates was quantiﬁed using the method developed by
Lowry et al. (1951) with slight modiﬁcations. The protein con-
centrations were determined and reported using bovine serum
albumin (BSA) as the standard. A series of dilutions with a
known concentration (from 0 to 40 mg mL21) of BSA were
prepared and assayed alongside the unknown(s) before the
concentration of each unknown was determined based on
the standards. In each well, 40 mL of the sample or standard
was added and incubated for 10 min with 200 mL of
reagent C (98 ml alkaline carbonate + 1 mL cupric sulphate
5-hydrate + 1 mL sodium potassium tartrate 4-hydrate) at
room temperature. A total of 20 mL of 1 N Folin–Ciocalteu
reagent was then added, and the mixture was allowed to incu-
bate for 30 min at room temperature in the dark. With the
spectrophotometer set to 630 nm, the samples and the stand-
ard curve were measured. Distilled water was used as the
blank. The carbohydrate content was analysed using the
method described by Dubois et al. (1956). The muscle and
hepatopancreas homogenates were diluted 1:100 and 1:250,
respectively. The carbohydrate concentrations were deter-
mined and reported using glucose (from 0 to 200 mg mL21)
as the standard. In separate wells, 200 mL of homogenate or
standard was mixed with 200 mL of 5.4% phenol reagent.
Then, 1 mL of sulphuric acid was added. After the mixture
was allowed to cool for 30 min to 1 h, 250 mL of the
mixture was transferred to a microplate and read at 490 nm.
The total lipid content was measured using a Merckotest
3321 kit with the Zo¨llner & Kirsch (1962) method, based on
the so-called sulphophosphovanillin reaction. First, 80 mL of
the homogenate was extracted with 500 mL of a chloroform-
methanol (2:1) mixture. The mixture was then incubated for
10 minutes at room temperature. The tubes were then centri-
fuged at 10,000 × g and 48C for 10 min. Then, 300 mL of the
organic phase was collected, transferred to a new tube, and
incubated for 1 h at 568C. The dry extracted lipid was then
mixed with 200 mL of sulphuric acid and incubated for
10 min at 958C. After the solution reached room temperature
(approximately 20 min), the lipid content was quantiﬁed. We
prepared the standard curve with the lipid standard solution
contained in the kit (from 0 to 10 mg mL21). We added
30 mL of the sample of standard to two microplates. To
the ﬁrst plate, we added 350 mL of the colour reagent
(8 mmole L21 vanillin in 11.9 mole L21 phosphoric acid solu-
tion); to the second plate, we added 350 mL of 11.9 mole L21
phosphoric acid. Both plates were incubated for 40 min at
room temperature and read at 530 nm. The values from the
second plate were subtracted from the values obtained for
the ﬁrst plate, and the lipid concentrations of the unknown
samples were calculated using the standard curve. The
content of each biochemical component was calculated as a
percentage of the wet weight.
RNA/DNA ratio
The RNA and DNA in the muscle and hepatopancreas
samples were analysed using the techniques described by
Clemmensen (1993) and Moksness et al. (2000) with slight
modiﬁcations. The lyophilized tissue was rehydrated in
Tris–SDS buffer (0.05 M Tris, 0.01 M NaCl, 0.01 M EDTA
and 0.01% SDS) for 15 min. The samples were maintained
on ice as they were homogenized with a sonicator for a few
seconds to prevent the possible degradation of the genetic
material. The homogenate was centrifuged at 6000 r/min
(3830 g) and a temperature of 48C for 8 min. The supernatant
was divided into two aliquots: one was used to measure the
total amount of nucleic acids, and the other was used to
measure the DNA. The DNA was measured through RNA
digestion by RNase (Ribonuclease A, from a bovine pancreas;
SERVA 34388). The RNA ﬂuorescence was calculated by sub-
tracting the DNA ﬂuorescence from the total quantity of
nucleic acids. The concentration of nucleic acids was mea-
sured through ﬂuorimetry using a spectroﬂuorometer with
an excitation wavelength of 365 nm and an emission wave-
length of 590 nm. Ethidium bromide (EB; 3,8-diamino-6-
phenyl-5-ethylphenantridium bromide; SERVA 31238) was
used as the ﬂuorophore.
Histological procedures
For the light microscopy analyses, the muscle and hepatopan-
creas tissues were ﬁxed in Bouin’s solution for 24–48 h. The
tissues were rinsed and stored in 70% ethanol until processing.
The tissues were dehydrated with increasing concentrations of
alcohol (70% (3 h), 96% (1 h) and twice in 100% (1 h)), fol-
lowed by a 1 h wash with a 1:1 mixture of 100% ethanol
and xylene and two 1 h washes with xylene. The tissues
were then immersed in two consecutive parafﬁn baths
(3 and 11 h) and embedded in parafﬁn. Sections of 6 mm
were cut on a Leica RM 2155 rotary microtome, and the
hepatopancreas and muscle sections were stained with
Harris’s hematoxylin-eosin and iron hematoxylin, respective-
ly. The sections were observed and photographed under an
Olympus BX61 light microscope using bright ﬁeld optics con-
nected to an Olympus DP70 camera. More than 100 cells of
the hepatopancreas were measured to obtain the diameter of
the cells, the number of vacuoles, and the number of pyknotic
nuclei. The diameter of the cells was measured in mm and only
in those cells in which the nucleus was clearly distinguished.
The number of vacuoles was counted per hepatopancreas
tubule section. The number of pyknotic nuclei was counted
and expressed as a percentage relative to the number of cells
observed. In the muscle tissues, the distance between sarco-
meres was measured. Because the distances were very short,
we counted the number of sarcomeres within a ﬁxed distance
(a portion of the ﬁbre that was straight), and we calculated the
distance between the sarcomeres in mm. More than 20 ﬁbres
were observed, and the sarcomeres were counted. The
measurements and counting were performed using an
OPTIMAS 6.0 analyser.
Oxygen consumption
The oxygen consumption was measured in captive (F and FD)
and wild males. The oxygen consumption measurements were
conducted in wild individuals caught in the spring (N ¼ 7)
and in the captive individuals after the treatments (F, N ¼
7; FD, N ¼ 5). Due to technical problems with the respirom-
eter, the oxygen consumption measurements were only con-
ducted in the lobsters caught in the spring. At the beginning
of each test, the specimens were transferred to individual
sealed 1 L or 2 L respiratory chambers (the capacity depended
on the size of the animals) ﬁlled with ﬁltered and O2-saturated
seawater. The water temperature and salinity were 13+ 18C
and 37.5+ 0.5 psu, respectively. The tests were performed
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inside isolated constant-temperature rooms to avoid any
external noise. The temperature was maintained at 138C
throughout the experiments. The oxygen consumption was
monitored at a sampling frequency of 3.14 min using a
ﬁbre-optic microsensor in a Microx-8 oxygen meter
(PreSens GmbH, Neuburg, Germany; Precision Sensing,
1999). An empty respiratory chamber was used as a control
in all tests to determine the water microbial biomass respir-
ation (Company & Sarda`, 1998). The data for each chamber,
which were recorded as a percentage of the saturation of the
oxygen partial pressure (pO2), were automatically stored in
a computer.
No food was provided before or during the experiments to
avoid exogenous variation in oxygen consumption due to the
digestion process, which is known to affect the internal metab-
olism (Ansell, 1973; Crear & Forteath, 2000). All of the mea-
surements that refer to the individual animal’s size (CL, mm),
wet mass (WM, g), and body volume (mL, estimated by water
volume displacement) were obtained at the end of the tests to
avoid the effects of handling stress.
To measure the differences in oxygen consumption
between the captive animals subjected to the different
feeding treatments (F and FD) and the wild animals, the time-
series data obtained throughout the experiment were graphic-
ally represented at the sampling time scale of 3.14 min. The
critical point (Pc, the critical oxygen partial pressure below
which the animal’s respiration is no longer independent
from the concentration of this gas in the water (Prosser,
1973)) was identiﬁed for the majority of the time-series
data. The pO2 data points below the Pc were omitted from
further analyses. In a few cases, high oxygen consumption
values were recorded at the beginning of the experiments,
most likely due to handling stress. Therefore, these values
were also omitted from further analyses.
The computed oxygen consumption rates were trans-
formed into mmol based on the following relationship: 100%
pO2 equals 260.6 mmol at 1 atm, 138C, and 37.5 salinity
(Endeco/YSI, Inc., 1992). The time-series data were subjected
to a linear regression analysis to calculate the slope as an esti-
mate of the mass-speciﬁc rate of oxygen consumption by each
individual (MO2). The presence of a signiﬁcant slope change
was considered an indication of intra-individual variation in
the oxygen consumption rate depending on the feeding treat-
ment. To assess the differences in Nephrops respiration
depending on the experimental group (F, FD and wild), the
mass-speciﬁc oxygen consumption rates were obtained. To
avoid the effect of size on the metabolic rates, a scaling coef-
ﬁcient of 20.2 was assumed (Childress & Somero, 1979).
Thus, the MO2 data were provided as the animal mass-speciﬁc
rates of oxygen consumption at a time scale of one hour
(mmol O2 g
21 WM h21) and then corrected to a standard
animal mass of 20 g using the above mentioned size scaling
coefﬁcient.
Statistical analysis
The datasets were analysed and plotted using the SigmaPlot 9
and SigmaStat 3 software packages (Systat Software Inc.,
Chicago, USA). The differences in the biochemical compos-
ition, the morphological changes in the hepatopancreas and
muscle, and the oxygen consumption among seasons and
feeding treatments were tested with a one-way ANOVA. In
this analysis, the conditions (F and FD) and seasons were
treated as independent factors in both the laboratory and
ﬁeld animals (to evaluate the differences between these two
groups at the same time). If signiﬁcant differences were
found, the groups were compared using a Holm–Sidak test
with an overall signiﬁcance level of P, 0.05. The normal dis-
tribution of the data was conﬁrmed with a Kolmogorov–
Smirnov normality test.
RESULTS
In the laboratory experiments, the survival of the fed (F) and
the food-deprived (FD) animals was 84.2% and 85.7%,
respectively, after 90 d in captivity. The lipid concentration
in the hepatopancreas and muscles of the F and FD lobsters
presented the highest and the lowest values, respectively,
and the wild lobsters exhibited concentrations within this
range. In the hepatopancreas, the water content and morpho-
logical characteristics analysed exhibited a similar trend. The
speciﬁc differences in biochemical and morphological
characteristics among the groups are detailed below.
Water content and proximal analyses
The differences between the feeding treatments and the
seasons in the water content and proximal analyses measured
in the hepatopancreas and muscle are summarized in Figure 1.
The water content in the hepatopancreas of the FD lobsters
(78.6%) was signiﬁcantly higher than that of the F animals.
The wild lobsters collected in the spring also showed a high
percentage of water in the hepatopancreas (74.1%). The
lowest water content in the hepatopancreas was found in
the lobsters caught in the winter and autumn, and these
values were signiﬁcantly different from those of the spring
and FD groups (F5,54 ¼ 8.214; P, 0.001).
The protein content in the hepatopancreas was signiﬁcant-
ly lower in the lobsters caught in the winter (11.86+ 1.15%)
compared with those caught in the spring (14.43+ 1.90%).
The protein content in the former was even lower than that
reported in the FD animals, although the difference was not
signiﬁcant (F5,54 ¼ 2.920; P ¼ 0.021). The lipid content in
the hepatopancreas of the FD animals (1.86+ 1.89%) was
10-fold lower than that of the F animals and the wild
animals. The wild animals did not exhibit any signiﬁcant dif-
ferences among any of the seasons and in comparison with the
fed animals (F5,54 ¼ 17.830; P, 0.001). The carbohydrate
concentration in the hepatopancreas of the males in the F
group exhibited the highest value (2.25+ 0.55%), and this
value was signiﬁcantly higher than those obtained for the
other groups with the exception of the lobsters caught in the
spring (1.61+ 0.38%; F5,54 ¼ 11.204; P, 0.001).
The muscle water content was higher in the animals caught
in the spring (80.43+ 3.16%), although this value was not
signiﬁcantly different from the content observed in the FD
animals (78.66+ 1.90%). Lower values were observed in the
lobsters caught in the winter and autumn, but these values
were not signiﬁcantly different from that of the F animals
(F5,54 ¼ 8.735; P, 0.001). No signiﬁcant differences were
observed in the protein content of the muscles of the F and
FD animals, and these values were between the protein
levels in the muscles of the animals caught in the autumn
(15.41+ 0.77%) and those of the animals caught in the
summer (12.54+ 1.16%; F5,54 ¼ 2.969; P ¼ 0.019). The
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food-deprived lobsters exhibited the lowest lipid content
(0.78+ 0.18%), and this value was signiﬁcantly different
from all of the other groups. The highest lipid content was
obtained in the muscle of the lobsters caught in the spring
(1.30+ 0.28%), but no signiﬁcant differences were observed
in the muscle lipid content between the animals caught in
any other season or fed in captivity (F5,54 ¼ 6.250; P,
0.001). Low levels of carbohydrates were found in the abdom-
inal muscle of all of the lobsters. The fed lobsters presented
the highest level of carbohydrates in the abdominal muscle
(0.13+ 0.03%), and this value was signiﬁcantly differ-
ent from those measured in the FD group and in the
wild animals caught in any of the seasons (F5,54 ¼ 27.070;
P, 0.001).
Morphological changes in the hepatopancreas
and muscle
Morphological differences were observed in the hepatopan-
creas and muscle between the captivity treatments and the
seasons (Table 1). The fed lobsters presented the highest
number of vacuoles per tubule (7.72+ 2.91), whereas the
FD group exhibited the lowest values (1.20+ 0.52;
Figure 2). The number of vacuoles in the lobsters caught in
the summer was signiﬁcantly higher than that observed in
those sampled at all other seasons but not signiﬁcantly
higher than that in the F lobsters. The lobsters caught in the
winter and autumn showed a low number of vacuoles
(3.26+ 2.04 and 3.75+ 0.81, respectively), but this value
Fig. 1. Proximal composition and water content in the hepatopancreas and muscle (percentage of wet mass) of wild (Spr, spring; Sum, summer; Aut, autumn;
Win, winter) and captive (90 d; F, fed; FD, food-deprived)Nephrops norvegicusmales. The signiﬁcant differences among the groups are indicated with a superscript
letter (ANOVA, Holm–Sidak, P , 0.001).
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was signiﬁcantly higher than that reported for the FD animals
(F5,54 ¼ 11.015; P, 0.001). The FD lobsters exhibited the
smallest hepatopancreas cells (22.09+ 7.76 mm), and this
size differed signiﬁcantly from that of the F lobsters
(41.84+ 4.75 mm). However, the wild lobster cells were sig-
niﬁcantly larger than those of both the F and the FD
animals. The hepatopancreatic cells in the lobsters caught in
the summer (69.36+ 15.77 mm) were larger than those of
the lobsters caught in any of the other seasons, and their
size differed signiﬁcantly from that of the spring and
autumn groups (F5,54 ¼ 31.686; P, 0.001).
Few pyknotic nuclei were observed in the cells of the hep-
atopancreas of the FD animals (2.65+ 4.13%), and this
number was signiﬁcantly greater than that obtained for all
of the other groups (F5,54 ¼ 3.901; P ¼ 0.004). Pyknotic
nuclei were occasionally observed in the hepatopancreatic
cells of the male lobsters caught in the spring and autumn.
The muscle of the FD lobsters showed the largest sarco-
mere sizes (6.60+ 2.09 mm), and this length was signiﬁcantly
greater than that observed in the muscle of the lobsters caught
in the winter (4.32+ 0.50 mm; F5,54 ¼ 2.869; P ¼ 0.023).
RNA/DNA in the hepatopancreas and muscle
The RNA/DNA ratios in both studied tissues were signiﬁcant-
ly lower in the males kept in captivity (both F and FD) than in
the freshly caught males (Figure 3). The fed animals presented
a higher RNA/DNA ratio than the FD lobsters, but the differ-
ences were not signiﬁcant. No signiﬁcant differences in this
ratio were observed in the hepatopancreas of the wild
animals (F5,54 ¼ 11.479; P , 0.001). In contrast, the muscle
of the animals caught in the spring exhibited signiﬁcantly
higher RNA/DNA ratios (2.55+ 0.50) than that of those
caught in the other seasons, and the lobsters caught in the
Table 1. Morphological characteristics of hepatopancreas and muscle from wild (spring, summer, autumn and winter) and captive (fed and food
deprived during 90 days) males of Nephrops norvegicus. Signiﬁcant differences between groups are indicated by superscript letters (ANOVA,
Holm–Sidak, P, 0.001).
Spring Summer Autumn Winter Fed Food deprived
Hepatopacreas
N8 vacuoles 2.81+ 2.05bc 6.20+ 3.63a 3.75+ 0.81b 3.26+ 2.04b 7.72+ 2.91a 1.20+ 0.52c
Cell high (mm) 53.39+ 5.23b 69.36+ 15.77a 53.44+ 8.16b 61.10+ 9.60ab 41.84+ 4.75c 22.09+ 7.76d
Pyknotic nuclei (%) 0.19+ 0.39b 0.00+ 0.00b 0.12+ 0.24b 0.00+ 0.00b 0.00+ 0.00b 2.65+ 4.13a
Muscle
Sarcomeres (mm) 6.05+ 2.48ab 5.03+ 0.87ab 4.87+ 0.97ab 4.32+ 0.50b 4.78+ 1.78ab 6.60+ 2.09a
Fig. 2. Hepatopancreas image from fed (A) and food-deprived (B) Nephrops norvegicus males kept in captivity for 90 d. V, vacuoles; arrow, cell high; arrowhead,
pyknotic nucleus.
Fig. 3. RNA/DNA ratio in the hepatopancreas and muscle (percentage of wet mass) of wild (Spr, spring; Sum, summer; Aut, autumn; Win, winter) and captive
(90 d; F, fed; FD, food-deprived) Nephrops norvegicusmales. The signiﬁcant differences among the groups are indicated with a superscript letter (ANOVA, Holm–
Sidak, P, 0.001).
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winter exhibited the lowest ratio (1.58+ 0.46; F5,54 ¼ 34.845;
P, 0.001).
Oxygen consumption
The fed animals consumed more oxygen (2.4486+
0.9552 mmol O2 g
21 WM h21) than the FD animals
(0.5280+ 0.0839 mmol O2 g
21 WM h21). The wild animals
caught in the spring exhibited intermediate consumption rates
compared with the F and FD animals, but these rates were
only signiﬁcantly different from the rates obtained for the
food-deprived group (1.9465+ 0.3488 mmol O2 g
21 WM h21;
F16,2 ¼ 14.314; P, 0.001; Table 2; Figure 4).
D ISCUSS ION
This paper provides the ﬁrst demonstration of the absence of
seasonal variation in the nutritional condition of western
Mediterranean Nephrops norvegicus at the histological,
physiological, biochemical and molecular levels. The food-
deprived animals showed higher water content in the hepato-
pancreas and muscle, although differences in the muscle were
not signiﬁcant. Our results indicate that the lipid and carbohy-
drate content in Nephrops decrease concomitantly after
3 months of starvation, whereas the protein content remains
fairly stable. We propose that carbohydrates are used in short-
term starvation and that the lipid reserve is then accessed
Table 2. Mass-speciﬁc rate of oxygen consumption rates (MO2) from captive (food deprived and fed during 90 d) and wild (spring) males of Nephrops
norvegicus. FD: Food deprived. Signiﬁcant differences among groups are indicated by superscript letters (ANOVA, Holm–Sidak, P, 0.001). MO2
marked with an asterisk correspond to the rates represented in Figure 4.
Wet mass (WM, g) MO2 (not corrected)
(mmol O2 g
21 WM h21)
MO2 (corrected to 20 g WM)
(mmol O2 g
21 WM h21)
Captive Wild Captive Wild Captive Wild
Fed FD Spring Fed FD Spring Fed FD Spring
29.2 11.2 17.0 3.3317 0.5138∗ 1.6807 3.5936 0.4576 1.6269
22.7 14.2 29.2 1.0219 0.6370 1.8042 1.0488 0.6579 1.9460
12.5 40.8 25.4 2.0703∗ 0.4904 1.8784∗ 1.8845 0.5655 1.9704
24.1 13.7 28.0 3.3705 0.5066 1.2698 3.4985 0.4696 1.3582
30.4 20.0 26.8 1.7710 0.4895 2.1454 1.9257 0.4895 2.2747
37.2 21.1 2.7183 2.2967 3.0775 2.3214
24.8 17.2 2.0228 2.1929 2.1117 2.1277
Mean (+SD) 25.8
(7.7)
20.0
(12.1)
23.5
(5.1)
2.3295
(0.8585)
0.5275
(0.0621)
1.8954
(0.3555)
2.4486a
(0.9552)
0.5280b
(0.0839)
1.9465a
(0.3488)
Fig. 4. Oxygen consumption rates of wild (Spr, spring) and captive (90 days; F, fed; FD, food-deprived) Nephrops norvegicus males. The oxygen consumption
curves shown correspond to those obtained for the animals that exhibited the measurements that were closest to the average values of each group; these
animals are indicated with an asterisk in Table 2. The signiﬁcant differences among the groups are indicated with a superscript letter (ANOVA, Holm–Sidak,
P, 0.001).
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either from the hepatopancreas or the muscle, although the
major reserve is obtained from the latter. The protein
reserve appears not to be used for at least 3 months of food
deprivation. This mechanism allows Nephrops to compensate
for seasonal ﬂuctuations in the local input of organic matter.
In Nephrops, the uptake from the metabolic reserve starts
from the hepatopancreas and not from the muscle. The
reserve role of the former organ has also been described in
other crustaceans (Gibson & Barker, 1979). The metabolic
reserves within the body of crustaceans, such as lipids, pro-
teins and carbohydrates, could be utilized to provide energy
when the animals are starving. Additionally, decapods activate
water intake upon starvation to maintain their body volume
and the turgidity of their tissues (Comoglio et al., 2005).
Sanchez-Paz et al. (2006) emphasized the diversity of physio-
logical resources used by decapod crustaceans during starva-
tion. For example, the prawn Marsupenaeus japonicus
(Cuzon et al., 1980) ﬁrst utilizes its glycogen reserves,
whereas the varunid crab Hemigrapsus nudus (Neiland &
Scheer, 1953) utilizes proteins. In Nephrops, the hepatopan-
creatic lipid content does not decrease within the ﬁrst 18 d
of starvation, although a change in fatty acid composition
might occur (Dall, 1981), suggesting an adaptive decrease in
the metabolic rate to ensure lipid preservation. Mente
(2010) demonstrated that N. norvegicus fed a mussel diet
exhibit higher hepatopancreas lipid concentrations than lob-
sters that were starved for 6 months, and these results are
similar to those obtained in our study. The protein content
in the tail muscle of N. norvegicus has also been found not
to decrease signiﬁcantly after 12 wk and 6 months of starva-
tion (Parslow-Williams, 1998), and this ﬁnding is also in
agreement with our results. In contrast, glycogen is depleted
in both the tail and the hepatopancreas after 7 months of star-
vation (Baden et al., 1994), and this depletion is particularly
intense from weeks 4 to 12 in the tail and the hepatopancreas
(Watts, 2012). In our study, the carbohydrate content was
higher in captive-fed animals compared to FD or wild
Nephrops, indicating that the levels of carbohydrates were
due to the high level of carbohydrates present in mussels
(the food provided) compared with the prey captured in the
ﬁeld by wild animals (Karakoltsidis et al., 1995).
We found the lowest lipid and the highest water content in
the hepatopancreas in the lobsters caught in the spring and
an opposite pattern in the lobsters caught in the summer,
and these ﬁndings are similar to those reported for the
lobster population in the Atlantic (Parslow-Williams, 1998).
However, the hepatosomatic indices did not vary signiﬁcantly
between these two seasons. The lipid content of the muscle in
the male lobsters exhibited signiﬁcant seasonal variations that
increased considerably in May (Rosa & Nunes, 2002). The
males caught during the spring of 2009 had a decreased nutri-
tional status, as indicated by the higher water content in the
hepatopancreas and the lower lipid content and protein
level in the tail muscle compared with those captured
during the second half of the year (Watts, 2012). However,
these differences were not observed in the replicate sampling
performed during 2010.
In our study, the RNA/DNA ratio in the muscle was signiﬁ-
cantly higher in the lobsters caught in the spring and lowest in
the lobsters caught in the winter, but this ratio remained con-
stant in the hepatopancreas. Spring is the period when
Nephrops exhibits its maximal reproductive activity in our
study area, and this period also corresponds to a peak in
post-moult activity because both processes are related to
growth. The observations that the RNA concentration was
lower in the muscle of captive animals and that the RNA/
DNA ratio was thus two-fold higher in the wild animals indicate
that laboratory conﬁnement reduced the growth capacity of the
animals. The limitation of growth by conﬁnement has been
shown in other decapod crustaceans (Wilber & Wilber, 1989).
In our study, the morphological characteristics of the hep-
atopancreas cells also allowed the differentiation of Nephrops
caught during the different seasons: the males caught in the
summer showed the highest number of vacuoles, the largest
cells, and an absence of pyknotic nuclei. Additionally, signiﬁ-
cantly lower values in the diameter of the hepatopancreatic
cells and the number of vacuoles and the highest number of
pyknotic nuclei were observed in the FD animals. Starvation
of N. norvegicus produces external colour variations (Sarda`
& Valladares, 1990), which are correlated with changes in
the hepatosomatic index (Watts, 2012). The rapid depletion
of the hepatopancreas vacuoles and the increase in the
number of pyknotic nuclei during starvation have also been
documented in other decapods (Vogt et al., 1985; McLeod
et al., 2004).
In the present study, the abdominal muscular ﬁbres of the
medial bundle were of an intermediate length in Nephrops
according to the classiﬁcation presented by Atwood (1972).
Fowler & Niel (1992) showed that the ﬁbres of the medial
bundle in this species have long sarcomeres (.9 mm) and
that the majority of the lateral ﬁbres have shorter sarcomeres
(,8 mm). The medial ﬁbres were 6.6+ 2.1 mm and 4.8+
1.8 mm in length in the FD and the F animals, respectively.
These length differences could be related to the ecological
characteristics of Mediterranean slope and Scottish shelf
(.50 m depth) ﬁshing grounds, where Nephrops are known
to grow rapidly (Tuck et al., 1997). Although the differences
in the sizes of the sarcomeres between the F and FD animals
did not differ signiﬁcantly, the latter may display an increase
in water content that leads to an elongation of their ﬁbres.
Given this rationale, the animals caught in the winter most
likely exhibit the best muscle condition, whereas those
caught in the spring present a morphology that is closer to
that of the food-deprived animals. These ﬁndings represent
the ﬁrst demonstration of the reliability of the muscle morph-
ology of decapods as a nutritional indicator.
The oxygen consumption of the F animals was four-fold
higher than that of the FD animals; however, a previous
study conducted in the Atlantic found only a two-fold differ-
ence (Parslow-Williams, 1998). The higher rearing tempera-
ture used in our study (138C compared with 108C for the
Atlantic) and the smaller size of the tested lobsters (mean
weight of 20 g compared with 26 g in the study conducted
in the Atlantic) were the principal differences between these
two experiments, suggesting that rearing temperature and
animal size might be responsible for this difference. The
wild animals caught in the spring presented intermediate
values compared with the captive males. Our results were
slightly higher than those reported by Aguzzi et al. (2003a)
for animals captured in the same area; however, the experi-
mental conditions were different because our tests were not
performed in constant darkness (i.e. we used the spring photo-
period). The feeding rates and the quality of the food inﬂuence
the oxygen consumption in crustaceans (Hewitt & Irving,
1990; Thomas et al., 2000; Crear & Forteath, 2002; Perera
et al., 2007; Dı´az-Iglesias et al., 2011), and a progressive
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decline in oxygen consumption is commonly observed in dec-
apods under starvation (Ansell, 1973; Aldrich, 1975).
Although we were unable to ﬁnd a difference in the oxygen
consumption rates between the seasons, this metabolic param-
eter might be a promising tool to monitor the nutritional con-
dition of N. norvegicus.
The nutritional condition indices used in this study showed
no differences between the seasons, although the catchability
of Nephrops varies seasonally, the male moult period occurs,
and the females carry their eggs during the winter, resulting
in low gonadosomatic index values (Figure 5). The pre-
moulting period has been identiﬁed as a natural fasting
period, although it lasts only few days (Vernet &
Charmantier-Daure`s, 1994). The low catchability in winter
appears to occur because berried Nephrops females remain
in their burrows (Aguzzi et al., 2004). Copulation begins in
the spring because the eggs deployed in the previous season
have just hatched (Rotllant et al., 2005). Copulation lasts
until the spawning period in mid-summer, which coincides
with the period of maximum catchability in our area.
During spring and summer, it is probable that the Norway
lobster spends more time outside the burrows and is, there-
fore, more vulnerable to bottom ﬁshing nets (Aguzzi et al.,
2004). The stomach fullness in the summer has been shown
to be higher compared with that in winter (Cristo & Cartes,
1998). Additionally, the rate of food digestion is 12 h (Sarda`
& Valladares, 1990). In summer, feeding might occur earlier
in the day than in winter because the light intensity on the
upper slope is higher at that time and the lobster’s feeding
excursions are driven by this habitat parameter (Chiesa
et al., 2010). Cristo & Cartes (1998) also observed that the
stomach contents in the winter show a lower prey diversity
than that observed in summer. This difference is produced
by the lower input of organic matter in the winter
(Heussner et al., 2006). This low food ﬂow at slope depths
in the winter may also result in a poor nutritional condition,
although we found no clear nutritional evidence of food
deprivation in the wild populations during any of the seasons.
In summary, starvation experiments are a useful method
for the identiﬁcation of the best nutritional indices for
Nephrops. The nutritional condition of this species was
better explained by the lipid concentration in the hepatopan-
creas and muscle, the water content in the hepatopancreas,
and the numbers of vacuoles and pyknotic nuclei in the cells
of the tubules of the hepatopancreas. The results obtained in
the wild lobsters primarily showed intermediate values
between the measurements obtained for the food-deprived
lobsters and those obtained for the fed lobsters in captivity.
Therefore, the wild animals do not face food deprivation
during winter as suggested by the pattern of commercial
catches, by the ﬂow of organic matter and by the periodic bio-
logical processes characteristic of the species.
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